Background: Serum amyloid A (SAA) is normally associated with the high-density lipoprotein (HDL). Results: Heparan sulfate (HS) dissociates SAA from HDL, leading to AA amyloidosis. The activity requires a minimum length of 12-14 sugar units.
The acute-phase protein serum amyloid A (SAA) 2 is an apolipoprotein associated with the high-density lipoprotein (HDL) fraction in plasma (1) . Although SAA normally constitutes a minor part of HDL, during the acute-phase response, SAA is substantially up-regulated (0.001-1 mg/ml) and thus becomes a major component of the lipoprotein (2) . Concomitantly, the level of apolipoprotein A-I (ApoA-I), which is normally the most abundant apolipoprotein on HDL, is substantially reduced, and the inflammation-associated lipoprotein is referred to as HDL-SAA.
During longstanding inflammatory conditions, SAA can accumulate as deposits in organs, primarily in the spleen, liver, and kidneys, causing inflammation-related (AA) amyloidosis (3, 4) . The development of the disease is a progressive process, often associated with persistent or reoccurring acute inflammation such as rheumatoid arthritis and familial Mediterranean fever (5) . When compared with other amyloid conditions, such as Alzheimer disease and islet amyloid in patients with type II diabetes, AA amyloidosis is relatively rare, but often severe due to functional failure of the affected organs. AA amyloidosis may have varying etiology, but consistently high circulating SAA levels are a prerequisite for development of the disease. However, only a proportion of the patients with persistent inflammatory conditions develop this form of amyloidosis. Thus, factors other than circulating SAA concentration must be critical for the generation of amyloid.
AA amyloidosis can be experimentally induced in mice by intravenous injection of amyloid fibrils (also known as amyloidenhancing factor) in combination with an inflammatory challenge (6) . The procedure causes amyloid formation in affected organs within 24 h (7) . Experiments with this model have revealed an intimate structural and temporal relationship between AA amyloidosis and heparan sulfate (HS) (8) , a sulfated polysaccharide expressed on the cell surfaces and in the extracellular matrix, suggesting a role for HS in SAA amyloidogenesis. Further, cell surface HS converts HDL-associated SAA into AA amyloid fibrils in cell culture, a process that can be inhibited by a C-terminal SAA peptide selectively binding to HS (9) . A pH-sensitive motif on SAA has also been identified. This motif facilitates the SAA-HS interaction, leading to aggregation of the polypeptide under mild acidic conditions (10) . Collectively, these findings indicate that a direct interaction between SAA and HS is essential for the amyloid formation.
Further, we have previously demonstrated that a transgenic mouse overexpressing heparanase, an HS-degrading enzyme, is resistant to experimental induction of AA amyloid (11) . The overexpression of heparanase resulted in a drastic shortening of the HS chain length, demonstrating a decisive role for the polysaccharide chain length in SAA aggregation.
In this study, we investigated the molecular basis of this finding. The results reveal that HS/heparin-SAA interaction causes SAA to dissociate from the HDL-SAA complex at mild acidic conditions. This process is critically dependent on the molecular size of the polysaccharide. The results offer an explanation for earlier observations and, most importantly, provide information for the potential management of AA amyloidosis by targeting HS-SAA interaction.
EXPERIMENTAL PROCEDURES
Isolation of HDL Particles by Ultracentrifugation-Plasma SAA levels were experimentally raised in mice by a subcutaneous injection of 0.5 ml of 2% (w/v) AgNO 3 , inducing an acute inflammatory state. Before blood collection, the syringe was primed with ϳ20 l of EDTA (7%) to prevent blood clotting. HDL particles were isolated from plasma of normal and inflamed mice by sequential density flotation (12) . Briefly, the density was adjusted to 1.063 g/ml with NaBr and centrifuged at 175,000 ϫ g for 18 h in a 70.1Ti rotor (Beckman) at 10°C. After discarding the top layer containing VLDL/LDL, the infranatant was pooled and adjusted to a density of 1.25 g/ml and recentrifuged at 250,000 ϫ g for 24 -36 h at 10°C. The top layer (HDL) was pooled and dialyzed against 20 mM Tris-HCl, 0.15 M NaCl, 0.1% (w/v) EDTA, pH 7.5, for 18 h. The HDL isolated from inflamed mouse plasma is denoted HDL-SAA.
Glycosaminoglycans-Heparin has an average molecular mass of 14 kDa as analyzed by gel chromatography on a Superose 12 column (GE Healthcare). The HS samples were isolated from porcine tissues and characterized by reverse-phase ionpairing HPLC after enzymatic cleavage with HS/heparin lyases, as described (13) . The HS II preparation (isolated from intestine) contained 45% of the trisulfated disaccharide (IdoA2S-GlcNS6S) species, and HS I (isolated from aorta) contained 5% of the species. Based on the content of trisulfated disaccharides, the HS II and HS I preparations were regarded as high sulfated HS and low sulfated HS, respectively. Heparin isolated from pig intestine mucosa was separated into fractions with low and high affinity (HA) for antithrombin (AT), as described (14) (15) . The 3 H-labled heparin was prepared by N-deacetylation of the heparin followed by re-N-acetylation with N- [ 3 H]acetic anhydride (16) . The heparin fragments were prepared by partial degradation with nitrous acid, followed by size exclusion chromatographic separation.
Surface Plasmon Resonance (SPR) Analysis-Interaction of lipoproteins with HS/heparin was evaluated using a Biosensor system (Biacore2000). The lipoproteins were dissolved into a 50 mM NaAc (pH 5.0) (0.5 mg/ml) coupling buffer and immobilized onto a CM5 sensor chip using an amine-coupling kit (GE Healthcare). The kit uses 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride and N-hydroxysuccinimide chemistry to create a covalent link between the surface matrix and free amino groups on the ligand. Injection of lipoproteins (HDL-SAA and HDL) over the CM5 surface for 5 or 15 min generated an immobilization level of ϳ10,000 or ϳ30,000 RU, respectively. The immobilization procedure was followed by an injection of ethanolamine for 7 min to deactivate the surface and a wash injection of 2 ϫ 2 min of 0.5 M NaCl to remove any unbound material. All experiments and procedures used a flow rate of 20 l/min. Heparin, HS, or heparin-derived oligosaccharides were injected at a concentration of 7 M in 50 mM NaAc, 0.1 M NaCl, pH 5.0 or 7.4. After each sample injection, the surface was regenerated by injection of 0.5 M NaCl for 2 min, with exceptions as indicated in respective legends. Generated sensorgrams were evaluated with Biacore evaluation software 2.0. To remove system-related artifacts, the obtained sensorgrams were subtracted by the signal from a reference flow cell and a blank injection. For the immunocapture assay, an anti-SAA-antibody (A183, provided by Prof. G. Westermark, Uppsala University, Sweden) was coupled onto the second flow cell (7,000 RU) using the amino-coupling kit. Lipoproteins (HDL and HDL-SAA; 40 g/ml) were injected (50 mM NaAc, pH 5.0, 0.1 M NaCl) to confirm the specificity of the antibody for SAA. The surface was regenerated by injecting 0.5 M NaCl and 1% Triton X-100 for 2 min. Thereafter, the fourth flow cell of the sensor chip was prepared for immobilization using the GE amino-coupling kit. The HDL-SAA was injected into the microfluidic system and was initially allowed to pass through the second cell (immobilized with anti-SAA antibody) and then into the fourth cell, where it was immobilized. The N-hydroxysuccinimide/1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride reagents were deactivated with ethanolamine. Thereafter, HS II (7 M) was injected over the SAA-depleted ligand.
AT-Sepharose Affinity Chromatography-The HDL-SAA and HA-heparin co-incubated samples were applied onto an AT-Sepharose column and eluted with equal volume (6 ml) of low-(0.25 M) and high-salt (3 M) solution. Fractions were collected, and the elution profile of 3 H-labeled HA-heparin was analyzed with scintillation counting. The SAA concentration was determined using a murine SAA-specific ELISA kit (Invitrogen). The presence of ApoA-I was analyzed using an immune dot-blot assay. Ten microliters of the eluate were applied to a PVDF-Immobilon P membrane (Millipore) and stained with an anti-ApoA antibody (GW20069F, Sigma) for 2 h. The lipoprotein was detected using a horseradish peroxidase-conjugated secondary antibody (anti-chicken IgG; Invitrogen) and quantified using image analysis software (ImageJ). The intensity of each fraction was expressed as the percentage of the total sample intensity acquired.
Turbidity Assay-HDL and HDL-SAA stock solutions were adjusted to the appropriate buffer by gel filtration through a Sepharose G-10 column (8 ml; Sigma) pre-equilibrated in 50 mM sodium acetate and 100 mM NaCl (pH 5.0 or 7) and kept on ice. Heparin and HS were added to the HDL samples and incubated for 30 min at 37°C followed by absorbance measurements (400 nm).
Homology Modeling-Proteins having sequence similarity to murine SAA1.1 were identified in the Protein Data Bank (PDB) using PSI-BLAST (17) . The structures of the proteins that had the highest similarity to SAA1.1 were superimposed and compared with the programs LSQMAN (18) and O (19) . Pairwise sequence alignments were used to generate homology models of the central domain of mouse SAA1.1. The domain was gen-erated by part of the sequence of ␤-xylosidase from Geobacillus stearothermophilus (PDB entry 2EXJ (20) ; identity 41%). A relevant part was used as templates to build the models with the program SOD (18) . The models were adjusted in O, using rotamers that would improve packing in the interior of the protein and accounting for deletions in loop regions. The figure was prepared using MOLSCRIPT (21) and Molray (22) . The conserved residues were determined by hidden Markov modelbased searches by SAM-T08 server (23) and ConSurf server searches (24) .
RESULTS

HS/Heparin
Promotes SAA Fibrillization-HDL particles were isolated from normal and inflamed mouse plasma by sequential density flotation. SDS-urea-PAGE analysis revealed high SAA contents in HDL isolated from inflamed mouse plasma (HDL-SAA) (Fig. 1A) . Heparin efficiently promoted the formation of amyloid-like fibrils when incubated with HDL-SAA in 50 mM NaAc buffer, pH 5.0 (Fig. 1B) , as analyzed by thioflavin-T fluorescence (25, 26) . In comparison, the addition of heparin to HDL isolated from normal mouse plasma did not result in fibril formation. Fibrils isolated from AA amyloidladen mouse spleen were used as positive control for the thioflavin-T fluorescence assay (supplemental Fig. S1 ). The effect of heparin on HDL-SAA fibrillization was time-dependent as prolonged incubation resulted in a considerably higher degree of fibril formation (Fig. 1B) . The effective recovery of fibrils in the pellet upon centrifugation (10 min at 8,100 ϫ g) further demonstrates the aggregated property of the HDL-SAA co-incubated with heparin ( Fig. 1C) . To examine the binding of HS/heparin to the lipoproteins, we incubated HDL and HDL-SAA with 3 H-labeled polysaccharide. The amounts of 3 H-labeled HS/heparin bound to the particles were analyzed using a nitrocellulose filter trapping method (27) . In line with earlier findings (10) , HS binding to HDL-SAA was pH-dependent, with substantial binding at pH 5.0, but essentially no binding at neutral condition (Fig. 1D ). The binding was affected by the total negative charge in the polysaccharide as heparin (which contains more sulfate groups when compared with HS) bound considerably stronger than HS (Fig. 1, D and E) . Notably, heparin also bound to HDL isolated from normal mouse plasma ( Fig. 1E ), in agreement with a previous study (28) . Particularly, the interaction was size-dependent as short heparin fragments (6-mers) failed to bind with HDL-SAA (Fig. 1E ). This size-dependent effect was further illustrated by examination of HDL-SAA aggregation; heparin efficiently promoted HDL-SAA aggregation, as measured by the degree of turbidity (optical density at 400 nm) after 30 min of incubation in 50 mM NaAc buffer at pH 5.0, whereas the heparin 6-mers failed to induce aggregation (Fig. 1F) . The effect of HS on HDL-SAA aggregation was also evaluated using two HS preparations with different degrees of sulfation (HS I with low sulfation and HS II with high sulfation, as described under "Experimental Procedures"). A reduction relative to full-length heparin was observed, whereas no difference in effect between the two preparations was seen.
HS/Heparin-HDL-SAA Interaction Leads to Dissociation of SAA-The molecular mechanisms of HS/heparin and HDL-SAA interaction were examined with the SPR spectroscopy. HDL-SAA was immobilized onto a CM5 Biacore sensor chip, and heparin was allowed to interact (20 l/min) with the immobilized HDL-SAA in 50 mM NaAc buffer, 150 mM NaCl, at different pH conditions. As observed in the free solution, heparin FIGURE 2. HS/heparin interaction with HDL-SAA causes mass dissociation. A-C, SPR analysis of the binding of HS/heparin (7 M) to HDLs. A, HDL-SAA was immobilized to a Biacore CM5 sensor chip (10,000 RU), and heparin was injected over the surface at neutral (pH 7.4) and mild acidic condition (pH 5.0). B, alternate injections of HS II (high sulfation degree) and HS I (low sulfation degree) over immobilized HDL-SAA (15,000 RU) at mild acidic condition (pH 5.0) in the indicated order. C, overlay graph of repeated injections of HS II over HDL-SAA (34,000 RU) at pH 5.0. Experiments presented in A-C were repeated at least twice, and representative sensorgrams are shown. FIGURE 1. pH-and size-dependent interaction between HDL-SAA and HS/heparin. A, HDL (from normal mouse plasma) and HDL-SAA (from inflamed mouse plasma) were analyzed by SDS-urea-PAGE (12.5%). B, HDL and HDL-SAA (0.6 mg/ml) were dissolved in 50 mM NaAc buffer, pH 5.0, and incubated with (ϩ) (0.2 mg/ml) and without (Ϫ) heparin at the indicated time periods. The samples were neutralized in PBS-containing thioflavin-T (ThT). The fibrillization was measured with thioflavin-T fluorescence. C, HDL-SAA and heparin were co-incubated for 24 h, and the sample was centrifuged (10 min at 8,100 ϫ g). Thioflavin-T fluorescence (20 M) was used to detect fibrillar aggregates in the supernatant (S) and pellet (P), respectively. D, HDL-SAA binding to 3 H-labeled HS (10,000 cpm) at neutral and mild acidic condition. E, binding of 3 H-labeled heparin (Hep) and heparin-derived oligosaccharides (10,000 cpm) to HDL (white bar) and HDL-SAA (gray bars) in mild acidic condition. The binding was analyzed using a nitrocellulose filter trapping method. F, HDL-SAA aggregation induced by heparin of different chain lengths and HS (HS II, high sulfation degree; HS I, low sulfation degree, see "Experimental Procedures") were assessed by the degree of absorbance at 400 nm. OD, optical density. Error bars in B, C, E, and F correspond to the S.E. values of three independent experiments.
did not interact with the HDL-SAA at pH 7.4, but interacted at pH 5.0 ( Fig. 2A) . Unexpectedly, the interaction resulted in a negative curve. The generation of negative curves has previously been linked to a ligand-induced structural change; for example, the immobilized component may undergo a decrease of its hydrodynamic radius (29, 30) . It is plausible that the negative curve obtained here is due to a heparin-induced conformational change of the lipoprotein.
To verify whether the negative signal is a property of the interaction between heparin and HDL-SAA, we also tested the two HS preparations (HS I with low sulfation and HS II with high sulfation). Alternate injections of HS I and HS II produced negative signals, similar in shape to that seen with heparin. The magnitude of the negative deflection correlated with the degree of sulfation in that HS I (injection 2) appeared less effective than HS II (injection 1) (Fig. 2B) . This phenomenon reoccurred with consecutive injections of the HS II (injection 3) and HS I (injection 4) samples. However, the negativity of the signal was reduced. The decreasing negative signals were further confirmed by six sequential injections of HS II alone (Fig. 2C) . Notably, the signal was substantially reduced after injection 6.
The progressive decrease in negative deflection could be due to an incomplete surface regeneration following each run or partial inactivation of the ligand. Examination of the biosensor surface revealed a reduction in the base-line mass after each HS injection (supplemental Fig. S2 ), indicating a mass loss from the sensor surface following each HS interaction. Because SAA is a major component of HDL-SAA and because it is known to bind HS/heparin, it was our primary candidate for the glycosaminoglycan-mediated mass removal.
To demonstrate that SAA is the primary component that is removed from HDL-SAA upon interaction with HS, we designed an immunocapture assay to selectively remove SAA from the HDL-SAA complex. An anti-SAA antibody was immobilized onto the second flow cell of a CM5 Biacore sensor chip, as illustrated in Fig. 3A, step 1 . Injection of HDL-SAA through the cell resulted in substantial binding (Fig. 3A, step 2;  Fig. 3B ); in contrast, injection of HDL onto the cell produced negligible signals, confirming the specific binding of the anti-SAA antibody with SAA. Then, HDL-SAA was injected into the flow system. After passing through the second flow cell (where the SAA was selectively removed by the immobilized anti-SAA antibody), the lipoprotein was thereafter immobilized on the fourth flow cell (as described under "Experimental Procedures") (Fig. 3A, step 3) . Then, injection of HS II over the fourth cell, immobilized with SAA-depleted HDL-SAA, resulted in positive binding signals (Fig. 3C ). The results demonstrate that the HS/heparin-induced negative deflection is related to the SAA content of the lipoprotein, resulting in dissociation of SAA from the complex.
To confirm that HS/heparin indeed selectively dissociated SAA from the HDL-SAA complex, the lipoprotein was incubated with a mixture of 3 H-labeled and unlabeled heparin having HA for AT as described under "Experimental Procedures." The mixture of HDL-SAA and the HA-heparin sample was incubated for 30 min at 37°C in 50 mM NaAc buffer, 150 mM NaCl, at either pH 5.0 or 7.4. The samples were then applied onto an AT-Sepharose column that was eluted with an equal volume (6 ml) of low (0.25 M) and high (3 M) concentrations of NaCl. Fractions were collected and analyzed by scintillation counting. As expected, the majority of 3 H-labeled heparin was detected in the high-salt fractions (Fig. 4A, upper panel) , displaying an identical pattern to that when HA heparin alone was applied to the same column (Fig. 4B, lower panel) . This indicates that the HDL-SAA and HA-heparin interaction did not affect the binding of heparin to antithrombin. Furthermore, selected fractions from low-salt (fraction 3) and high-salt (fraction 9) eluate were analyzed with an SAA-specific ELISA. SAA was only detected in the low-salt fraction when HDL-SAA was incubated alone or with heparin at pH 7.4. In contrast, SAA was substantially recovered in the high-salt fraction, in addition to the low-salt fraction, when HDL-SAA was co-incubated with heparin at pH 5.0 (Fig. 4B) . To investigate whether HS/heparin also dissociated other apolipoproteins from the HDL-SAA complex, the collected fractions were analyzed for ApoA-I, using an immuno-dot-blot assay. ApoA-I was detected exclusively in the low-salt fractions, independent of the incubation conditions ( Fig. 4C and supplemental Fig. S3 ), demonstrating that no ApoA-I was co-eluted with the HA-heparin fraction.
To investigate whether the negative curve relates to a conformational change of HDL-SAA, apart from the dissociation of the SAA polypeptide, we treated the immobilized HDL-SAA surface with 0.1% sodium dodecyl sulfate (SDS) for 5 min to alter the lipoprotein structure as illustrated in supplemental Fig. S4A . Injection of HS over the delipidated HDL-SAA complex produced a positive binding curve (supplemental Fig. S4B ), implying that the structural integrity of the HDL-SAA lipoparticle is important for the generation of negative signals. Further, the positive binding response is likely to be accounted for by the residual apolipoproteins that are still covalently attached to the sensor surface, such as SAA and to some extent also ApoA-I, ApoE, and ApoC (i.e. those that originally served to anchor the lipoprotein).
Chain Length Is Critical for the Binding Activity of HS/Heparin-Heparin-derived fragments with less than 12-sugar residues were unable to bind HDL-SAA and consequently failed to induce HDL-SAA aggregation (Fig. 1, E and F) . To determine the molecular basis for this finding, we examined the interaction of short heparin fragments (e.g. 6-mers) with HDL-SAA by SPR. Fig. 5A shows the result of sequential injections of heparin and the 6-mers in 50-mM NaAc, 150 mM NaCl, pH 5.0, over the Biacore CM5 sensor chip immobilized with HDL-SAA. Similar to the HS injections (Fig. 2B) , the first injection of heparin (injection 1) produced a substantial negative deflection curve, and the second injection of heparin (injection 4) resulted in slightly reduced binding activity. In contrast, injections of the 6-mers (injections 2 and 3) between the two heparin injections generated limited negative signals with apparent rapid on-and off-rates (Fig. 5A) . The identical binding curves of the two consecutive injections and their rapid return to base line indicate negligible mass loss from the sensor surface by injection of the short heparin fragment. The different effects of heparin and heparin fragments on the reduction of biosensor surface mass is further illustrated in supplemental Fig. S5 .
Sequential injection of oligosaccharides with increasing chain length over the immobilized HDL-SAA resulted in a progressive increase in negativity of the binding signal, appearing as two distinct populations (Fig. 5, B and C) . The saccharides of 10-and 12-mers produced similar patterns to the 6-mers, with rapid on-and off-rates. In contrast, the oligosaccharides of 14-mers or larger produced patterns similar to heparin. The were measured in a low-salt eluted fraction (fraction 3) and in a high-salt eluted fraction (fraction 9) using an SAA-specific ELISA. Hep, heparin. C, 10 l of the pools of low-salt fractions (0 -3 ml; 3-6 ml) and the high-salt fractions (6 -9 ml; 9 -12 ml) were applied onto a PVDF membrane and stained with antibodies against ApoA-I (supplemental Fig. 3) . Error bars correspond to the S.E. values of three independent experiments. Densitometry analysis of the ApoA-I dot-blot is presented in C. results suggest that an oligosaccharide composed of minimum 14 sugar residues is needed to induce substantial SAA dissociation. Unexpectedly, the 20-mer generated a lower degree of negative deflection when compared with the 14 -18-mer preparations.
We have yet to fully understand this effect, but the result supports the idea that optimal chain lengths exist for SAA displacement. The critical effect of chain length of heparin fragments is also confirmed for SAA aggregation as no aggregate was detected in the pellet of HDL-SAA after co-incubation with 6-mers; in comparison, substantial SAA was found in the pellets upon co-incubation of HDL-SAA with heparin (Fig. 5D) .
HS/Heparin-induced Dissociation Involves More than One Binding
Site on HDL-SAA-It appears that the heparin injection is able to saturate all available binding sites on HDL-SAA as the binding curves reach a plateau state almost immediately. To verify this observation, heparin was injected repeatedly over the HDL-SAA particle without the standard surface regeneration procedure (wash with 500 mM NaCl for 2 min, 20 l/min) after each injection. The first injection generated, as observed previously (Figs. 2, A and B, and 5A), a substantial negative binding curve. However, the subsequent heparin injections (injections 2-4) failed to generate any measurable signals (supplemental Fig. S6, A and B) , indicating that the ligands were blocked by the first injection. Because the binding activity of the ligand can only be retrieved by the surface regeneration procedure, this indicates a saturable reaction. This seems inconsistent with the observation that repeated injection of HS/heparin resulted in multiple dissociation events (Figs. 2 and 5) .
To find out the mechanisms behind this apparent discrepancy, we assessed the binding of heparin to other components of the HDL complex. HDL isolated from non-inflamed plasma was immobilized onto a CM5 Biacore sensor chip, and heparin was allowed to interact with the lipoprotein in 50 mM NaAc buffer, 150 mM NaCl at different pH conditions. As observed for the HDL-SAA and heparin interaction, heparin was found to bind the normal HDL at mild acidic conditions (pH 5.0), suggesting a pH-dependent reaction (supplemental Fig. S7A ). As ApoA-I is the major component of HDL (Fig. 1A) , the apolipoprotein most likely accounts for the HDL interaction with heparin. Analysis of the murine ApoA-I sequence demonstrates that the apolipoprotein holds a basic amino acid residue cluster that may interact with HS/heparin (31) (supplemental Fig.  S7B ).
If SAA dissociation induced by HS/heparin involves binding to both SAA and ApoA-I, only heparin structures exceeding a certain minimal length would be expected to simultaneously bind both polypeptides. A pH-dependent HS/heparin binding site was previously identified on the central domain of SAA (10) . A model generated using homology-modeling software shows that this binding site has a length of 25 Å (Fig. 6B) , a similar dimension to that of a heparin 6-mer (32 Å) (Fig. 6C ) (PDB ID 1HPN (32)). Further, the length of the proposed HS/heparin binding site on ApoA-I (30 Å) was also found to correspond to that of a 6-mer (supplemental Fig. S8 ). Taken together, these findings concur with the observation that a minimum of 12-14-sugar sequence is required for efficient displacement of SAA from HDL-SAA.
DISCUSSION
The central issue in the pathogenesis of AA amyloidosis is the conversion of circulating SAA into amyloid fibrils. Several lines of evidence have demonstrated that the disease progression is dependent on HS. We have previously found that transgenic mice overexpressing human heparanase, an HS-degrading enzyme, were resistant to experimental induction of AA amyloidosis (11) , demonstrating a decisive role for HS in the pathogenic process. The present study aimed to get further insight on the molecular mechanisms of the HS and SAA interaction.
Incubation of heparin, a commonly used analog of HS, with HDL-SAA isolated from inflamed mouse plasma induced fibrillization of the polypeptide at mild acidic condition (pH 5.0) (Fig. 1) . The pH-dependent effect may reflect the in vivo situation, where mild acidic condition is expected in proximity to membrane-anchored HS proteoglycans (33, 34) . This effect of HS/heparin is also size-dependent as shorter fragments, e.g. a 6-mer, failed to bind to HDL-SAA in free solution (Fig. 1E ) and accordingly lost their capacity to induce SAA aggregation (Fig.  1F) . This is consistent with previous in vivo data where the heparanase-overexpressing mice did not develop amyloidosis upon induction (11) due to the shortening of the HS chains in the mice.
To further assess the HS/heparin and HDL-SAA interaction, we applied SPR spectroscopy. In contrast to the positive binding curves that are typical for SPR, injection of HS/heparin over HDL-SAA generated negative signals (Fig. 2, A-C) . SPR is commonly employed to study molecular interactions because a mass change at the sensor surface (e.g. due to a analyte-ligand binding) causes a concomitant change in refractive index. Negative signals can be observed when the immobilized ligand undergoes a conformational change, often related to an analyte-induced decrease of its hydrodynamic radius. This change in conformation results in a decrease of the refractive index (29, 30) . Thus, the negative signals observed for HS/heparin interaction with HDL-SAA likely correspond to a conformational change of the lipoprotein. This hypothesis is confirmed by the positive binding curves obtained when HDL-SAA were disassembled by SDS treatment (supplemental Fig. S4, A and B) , prior to HS binding analysis.
Repeated injections of HS or heparin caused a mass reduction of the HDL-SAA complex, demonstrated by the decrease of base-line mass after each injection (supplemental Fig. S2 ). Affinity chromatographic analysis demonstrated that HS/heparin binding to HDL-SAA caused dissociation of SAA at mild acidic pH (Fig. 4) . This dissociation required a minimal chain length as short heparin fragments did not cause any base-line change ( Fig. 5A and supplemental Fig. S2 ). The size-dependent effect suggests that multiple HS-binding sites on HDL-SAA are involved in SAA dissociation.
Further, the SPR data demonstrated that repeated HS/heparin injections over HDL-SAA generated stepwise dissociation of SAA. Despite this gradual removal, the curves indicated that each consecutive interaction of (excess) heparin with HDL-SAA resulted in complete saturation of all binding sites of HDL-SAA ( Fig. 5A and supplemental Fig. S6, A and B) . These findings suggest that HS/heparin binds to an additional HDL-associated component and that the availability of this site limits the dissociation process. Because ApoA-I is the other major protein constituent of HDL-SAA (Fig. 1A) , we considered whether simultaneous binding of HS/heparin to ApoA-I and SAA might be required for SAA-dissociation. Accordingly, HS was found to bind normal HDL, abundant in ApoA-I (supplemental Fig.  S7A ). This interaction was only observed at mild acidic pH, consistent with the condition at which HS/heparin-mediated SAA displacement occurred. Analysis of ApoA-I sequence identified a basic amino acid motif that fits the consensus sequence for HS/heparin binding (31) . This proposed binding site includes a histidine residue, likely contributing to the pH dependence seen in the ApoA-I and heparin interaction. The molecular dimensions of the HS/heparin binding sites on ApoA-I and SAA each accommodate an HS/heparin 6-mer (31.8Å). Thus, a heparin fragment of 12-14-mer can simultaneously bind to two such sites, whereas a fragment of 6-mer can only bind to one site. These data propose that simultaneous binding of HS/heparin to SAA and ApoA-I is a prerequisite for the displacement of SAA (Fig. 7) . Notably, our study does not exclude the possibility that the HS/heparin-mediated displacement of SAA occurs through co-binding of HS/heparin to SAA and other HDL-associated apolipoproteins (e.g. ApoE, ApoC). Such an interpretation warrants consideration because HS/ heparin binding sites have been identified on ApoE (35) . However, it should be noted that the proportion of ApoE on HDL is relatively small (Ͻ5%) (36) .
The importance of heparin chain length has previously been demonstrated for the antithrombin inhibition of thrombin. Simultaneous binding of heparin to both antithrombin and thrombin accelerates the interaction between the molecules (37) . A minimal sequence of 18 sugar units is required for this reaction (38) , a length similar to that observed for the proposed binding of heparin to ApoA-I and SAA. Further, studies on the interaction between HS and CXCL12, an inflammation-related cytokine, demonstrated that HS is capable of simultaneously binding to two sites on the protein (39) .
SAA is a well conserved protein throughout evolution, and many different physiological functions have been suggested (40) . Several studies implicate SAA in cholesterol metabolism as SAA-derived peptides have been demonstrated to inhibit acyl coenzyme A cholesterol acyltransferase and enhance cholesterol esterase activities in cholesterol-laden macrophages (41, 42) . Therefore, remodeling of HDL-SAA by HS may reflect a physiological setting that relates to the function of SAA in cholesterol metabolism, which is worthy of further investigation.
Earlier studies have demonstrated a temporal and structural relationship between AA amyloid and HS, suggesting a role for HS in the pathogenic process. Accumulated evidence shows that the molecular size of heparin is critical for aggregation of different types of amyloid proteins (43, 44) . It is believed that long HS/heparin structures provide a scaffold for the assembly of amyloid peptides, thereby promoting their polymerization into fibrillar structures.
Our results point to a novel role for HS/heparin in AA amyloidosis in which a critical length is required for separation of SAA from HDL. These results also offer an explanation for our early in vivo finding (11) that molecular size of HS is critical for SAA deposition as shorter fragments of the sugar chains are insufficient to cause dissociation of SAA from HDL-SAA complex. This finding may have potential value for preventing AA amyloidosis by specifically targeting HS-SAA interaction.
